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INTRODUCTION 


The  demand  for  weapon  systems  with  greater  ranges  and  higher 
muzzle  velocities  has  created  the  need  for  higher  force  propel¬ 
lants.  Sufficient  force  can  be  attained  with  conventional  nitrate- 
ester  propellant  formulations  (double  base  and  triple  base  nitrate- 
ester  types),  but  the  isochoric  flame  temperature  increases  accord¬ 
ingly.  Since  high  flame  temperatures  aggravate  gun  barrel  erosion, 
alternate  low  flame  temperature  propellants  have  been  sought. 

Nitramine  composite  propellants  (e.g.,  RDX  formulations)  have 
lower  flame  temperatures  than  energetically  comparable  nitrate- 
ester  propellants.  With  nitramine  and  nitrate-ester  propellants 
displaying  equivalent  flame  temperatures,  the  nitramine  propellants 
are  more  energetic  and,  consequently,  appear  to  be  candidate  pro¬ 
pellants  for  providing  increased  energy  at  lower  flame  tempera¬ 
tures  . 

Despite  the  fact  that  nitramine  propellants  have  lower  flame 
temperatures,  there  is  some  evidence  that  nitr amines  are  more  ero¬ 
sive  to  gun  steel  than  conventional  propellants  (ref  1).  This 
suggests  that  factors  other  than  isochoric  flame  temperature  play  a 
signifiant  role  in  the  erosion  mechanism.  Experiments  in  which 
either  the  propellant  formulation  or  the  pressure-versus-tirae  (p- 
vs-t)  cycle  are  changed  for  the  purpose  of  evaluating  their  influ¬ 
ence  on  steel  erosion  always  produce  interactions  which  complicate 
the  interpretation  of  the  specific  effects  which  produce  erosion. 
For  example,  changes  in  propellant  formulation  may  significantly 
alter  both  the  propellant  burning  rate  and  the  combustion  gas  com¬ 
position  which  affects  the  rate  at  which  the  steel  is  heated. 
Convective  heating  rates  are  very  dependent  on  propellant  flame 
temperatures  as  well  as  gas  transport  properties.  Differences  in 
erosion  as  a  function  of  propellant  type  must  be  interpreted  in 
terms  of  gas  composition  in  order  to  analyze  the  contributions  of 
chemical  interactions  which  produce  changes  in  transport  properties 
such  as  thermal  conductivity  and  specific  heat  (ref  2). 

To  define  more  clearly  the  intrinsic  erosivities  of  energetic¬ 
ally  comparable  propellants  and  the  role  of  propellant  flame  tem¬ 
perature  in  the  erosion  process,  a  representative  series  of  double 
base,  triple  base,  and  RDX  composite  propellants  were  selected  in 
which  each  propellant  type  was  formulated  to  burn  at  2700K,  3000K, 
and  3300K.  Each  propellant  web  thickness  was  selected  so  that  the 
burning  time  would  be  in  the  same  range.  The  compositions  of  these 
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propellants  and  related  physicocheraico  properties  are  presented  in 
table  1. 


Experiments  performed  on  these  nine  propellants  at  ARRADCOM 
and  at  Princeton  University  are  described  in  this  report  and  the 
results  compared* 


EXPERIMENTAL  PROCEDURES 


ARRADCOM  Experiments 

The  erosion  data  were  obtained  by  means  of  a  closed  bomb  modi¬ 
fied  to  accept  a  gun  barrel  and  a  steel  erosion  sleeve,  which  is 
referred  to  as  the  vented  erosion  tester  (refs  3  and  4,  fig.  1). 
The  erosion  sleeves  consisted  of  AIS1  4340  steel  having  an  outer 
diameter  of  2.70  cm,  an  inner  diameter  of  0.95  cm,  a  length  of 
2.064  cm,  and  a  mass  of  approximately  80  grams.  A  pressure  trans¬ 
ducer  positioned  inside  the  closed  bomb  was  connected  to  a  Nicolet 
digital  oscilloscope  which  was  scaled  to  display  pressure-versus- 
time.  To  control  pressure,  a  stainless  steel  rupture  disc  was 
inserted  between  the  barrel  and  the  steel  erosion  sleeve  and  the 
barrel  was  filled  with  water  to  insure  proper  pressure  buildup. 

Each  sleeve  was  weighed  before  testing,  fired  with  three 
shots,  cleaned,  and  reweighed.  After  three  firings,  the  average 
weight  loss  was  used  as  a  measure  of  propellant  erosivity;  pressure 
and  burntime  measurements  were  also  recorded  and  averaged.  Propel¬ 
lant  charge  weights  ranged  from  24  grams  to  52  grams. 

The  internal  ballistics  were  controlled  by  arbitrarily  adjust- 
ing  the  charge  weights.  The  controlled  independent  variables  were 
the  flame  temperature  and  the  propelling  charge  weight,  while  the 
experimentally  measured  dependent  variables  were  burntime,  pres¬ 
sure,  and  sleeve  mass  loss  (erosion).  The  nitramine  propellants 
were  the  slowest  burning  and,  in  order  to  obtain  similar  burntimes, 
it  was  sometimes  necessary  to  grind  the  propellants. 

In  the  first  series  of  tests,  propelling  charges  of  equal 
weight  (38  g)  were  fired  in  the  test  fixture  to  compare  the  rela¬ 
tive  erosivities  on  a  fixed  weight  basis. 

In  a  second  series  of  tests,  the  propelling  charge  weights 
were  selected  so  that  each  propellant  produced  approximately  the 
same  peak  pressure.  Comparisons  were  made  at  approximately  280  MPa 
and  210  MPa. 
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A  third  set  of  tests  were  conducted  in  which  the  charge 
weights  were  adjusted  to  give  each  propellant  approximately  the 
same  energy  (4.88  x  1CP  joules),  similar  to  the  way  propellants 
would  be  substituted  in  a  gun  system.  When  the  propellant  is  re- 
placed  in  a  gun  tube  with  a  given  muzzle  velocity,  the  webs  are 
adjusted  to  obtain  a  given  pressure,  and  propellant  weights  are 
adjusted  to  give  equivalent  energy  output.  Propellant  type  erosiv— 
ities  were  compared  on  the  basis  of  equal  propelling  charge 
weights,  peak  pressure,  and  energy  output. 

Princeton  University  Experiments1 


Erosion  of  steel  specimens  was  produced  using  a  vented  combus¬ 
tor  (fig.  2).  Specimens  for  erosion  measurements  were  AISI  4340 
steel  2.5  mm  thick  and  0.17  mm  diameter  orifices  and  the  leading 
edge  of  the  orifice  was  streamlined.  The  p-vs-t  cycles  produced  in 
the  combustor  approximate  those  produced  by  large  gun  chambers. 
The  primary  measurement  in  these  experiments  was  mass  loss.  A  mass 
loss  of  1  mg  corresponds  to  an  equivalent  erosion  depth  of  about  22 
micrometers  along  the  orifice.  The  propelling  charge  weights  dur¬ 
ing  the  test  series  range  from  0.6  grams  to  1.4  grams. 

The  Princeton  group  used  the  basis  for  comparing  propellant 
erosivity  given  below.  Since  the  net  effect  of  the  imposed  p— vs— t 
program  is  to  accelerate  a  projectile  in  a  barrel,  an  effective 
measure  of  the  relative  energy  associated  with  a  particular  program 
is  the  velocity  it  would  impart  to  a  projectile.  Without  regarding 
barrel  length  and  neglecting  losses,  projectile  velocity  is  approx¬ 
imately  proportional  to  the  integral  of  pressure  over  the  action 
time.  For  a  given  p-vs-t  program,  the  relative  energy  associated 
with  a  particular  duty  cycle  can  be  calculated  without  knowing  the 
specifics  of  the  gas  composition,  flame  temperature,  burning  rate, 
surface  area,  etc. 

Another  important  factor  in  determining  the  relative  erosivi— 
ties  of  various  propellants  and  p-vs-t  programs  is  the  dynamics  of 
the  propellant  gases  heating  the  steel  surface  and  the  conduction 
of  heat  to  the  subsurface  regions.  For  example,  if  a  prescribed  p- 
t  integral  (muzzle  velocity)  is  achieved  by  using  a  relatively  low 
pressure  and  an  extended  action  time,  the  steel  surface  temperature 
can  be  maintained  below  the  melting  point  where  no  significant  mass 
loss  occurs.  This  situation  can  occur  because  at  sufficiently  low 


^Personal  communication  with  L.  Caveny,  Princeton  University, 
Princeton,  NJ,  August  1979. 
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pressures  (low  heating  rates)  there  is  ample  time  for  heat  to  be 
conducted  away  from  the  steel  surface;  therefore,  the  surface  tem¬ 
perature  remains  below  the  melting  point.  A  comparison  of  relative 
erosivity  must  account  for  the  dynamics  of  the  heat  transfer  pro¬ 
cesses.  Accordingly,  the  integral  was  evaluated  between  the  times 
the  pressure  exceeded  a  threshold  of  60  MPa,  since  below  that  pres¬ 
sure  the  low  heating  rates  do  not  contribute  significantly  to  the 
mass  loss.  The  integral  is  referred  to  as  I^q.  In  this  manner  the 
correlation  is  weighed  toward  that  portion  of  the  heating  cycle 
which  produces  erosion  and  away  from  the  low  pressure  extended  time 
p-vs-t  programs  that  do  not  produce  measurable  mass  losses. 

While  it  is  reasonable  to  compare  the  relative  erosivities  of 
propellants  with  equal  muzzle  velocities,  it  is  the  combined  pro¬ 
pellant  and  grain  geometry  systems  which  are  being  compared  rather 
than  the  propellants  alone.  Since  propellant  properties  (such  as 
burning  rate)  and  grain  geometry  characteristics  (such  as  web 
thickness)  affect  the  p-vs-t  history,  separating  the  propellant 
effects  from  the  grain  geometry  effects  would  require  additional 
experiments  in  which  the  propellant  formulations  are  held  constant 
and  grain  geometry  systematically  varied. 


RESULTS 


The  ARRADCOM  erosion  results  are  shown  in  table  2  where  mass 
losses  are  given  at  equal  charge  weights  for  the  nine  propellants; 
in  table  3,  mass  losses  at  equal  pressures;  and  in  table  4,  mass 
losses  at  equal  energy.  As  expected,  the  erosion  increases  propor¬ 
tionately  with  the  flame  temperature  and  the  mass  losses  for  the 
double  base,  triple  base,  and  nitramine  propellants  are  different 
functions  of  increasing  temperatures. 

The  Princeton  University  results  are  summarized  in  tables  5,  6 
and  7.  Speciraen-to-specimen  variation  can  be  observed  by  comparing 
the  mass  losses  of  specimens  1  and  2.  This  type  of  variation  is 
typical  of  that  observed  in  the  previous  eperiraental  series.  The 
fourth  test  in  each  series  was  performed  after  the  results  of  the 
first  three  tests  were  analyzed  and  the  test  conditions  were  se¬ 
lected  to  resolve  ambiguities  and  broaden  data  correlations.  The 
p-vs-t  integrals  were  measured  with  a  planiraeter  on  the  oscillo¬ 
scope  photographic  records  and  were  accurate  to  within  3%. 
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Each  of  the  72  measured  mass  losses  are  plotted  on  mass  loss 
versus  I^q  plots  (figs.  3  through  5)  and  least-squares  lines  were 
placed  through  the  points  (table  8).  A  few  of  the  data  points  were 
excluded  from  the  correlations,  since  they  were  exceptions  to  gen¬ 
eral  trends  (table  8).  The  relative  erosivity  of  a  particular 
propellant  grain  type  increased  with  increasing  flame  tempera¬ 
ture.  The  increase  in  mass  loss  produced  by  going  from  3000  K  to 
3300  K  tends  to  be  greater  than  that  produced  by  going  from  2700  K 
to  3000  K;  however,  at  the  lower  IgQ  values,  the  trends  with  in¬ 
creasing  temperature  are  less  distinct. 

The  results  of  figures  6  through  8  are  taken  from  tables  5 
through  7  and  compare  the  three  propellant  types  at  the  same  nomin¬ 
al  flame  temperatures.  The  grains  containing  RDX  produce  higher 
mass  losses  at  every  temperature;  however,  the  higher  erosivity 
becomes  more  prominent  as  flame  temperature  increases.  The  mass 
loss  differences  produced  by  double-  and  triple-base  grains  are 
less  distinct  and  tend  to  be  similar.  The  mass  loss  data  were 
plotted  as  a  function  of  peak  pressure  (figs.  9  through  11),  and 
lines  through  the  data  were  visually  determined.  The  fact  that  the 
results  are  systematic  and  reveal  the  same  trends  as  those  illus¬ 
trated  in  figures  6  through  8  is  a  result  of  the  efforts  to  make 
the  web  burning  times  equal.  For  example,  propellant  grains  which 
produced  equivalent  peak  pressure  at  one-half  of  the  burning  time 
would  produce  greatly  reduced  mass  losses. 


DISCUSSION 


ARRADC0M  Results 

In  comparing  propellant  types  on  an  equal  charge  weight  basis, 
the  data  presented  in  table  2  reveal  that  the  peak  pressures  for 
double-  and  triple-base  propellants  are  equivalent  over  the  entire 
temperature  range,  since  the  number  of  moles  of  gas  evolved  per 
unit  mass  of  propellant  is  approximately  the  same  in  each  case 
(table  1).  Although  the  burning  times  for  the  two  propellant  types 
are  equivalent  in  both  the  2700  K  and  3000  K  flame  temperature 
regions,  the  burning  time  of  the  triple-base  propellant  at  3300  K 
is  about  9%  longer  than  the  comparable  double-base  propellant .  A 
comparison  of  their  respective  erosivities  indicates  that  double- 
and  triple-base  propellants  have  similar  erosivities  in  the  2700  K 
and  3000  K  regions.  This  may  be  due  to  increased  burntime. 
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The  nitraraine  composite  propellants  display  higher  pressures 
and  longer  burntimes  than  the  double-  and  triple-base  propel¬ 
lants.  In  the  2700  K  and  3000  K  regions,  the  nitramine  composite 
propellants  are  more  erosive  than  the  other  types,  while  In  the 
3300  K  region  they  are  about  as  erosive  as  the  triple-base  type  and 
30%  more  erosive  than  the  double  base.  This  correlates  with  the 
respective  burntimes  of  the  propellants  and  suggests  that,  for  a 
given  flame  temperature  and  peak  pressure,  erosivity  Increases  with 
burntime.  The  longer  burntimes  probably  have  a  greater  influence 
at  the  higher  flame  temperatures  since  the  steel  bore  surface  would 
be  at  an  elevated  temperature  for  a  greater  period  of  time. 

The  nitramine  composites  are  more  erosive  at  equal  peak  pres¬ 
sure  in  the  280  MPa  region  than  either  double-  or  triple-base  pro¬ 
pellants  at  all  flame  temperatures.  It  is  also  evident  that  dou¬ 
ble-  and  triple-base  propellants  have  similar  erosivities;  the 
double-base  propellant  is  slightly  more  erosive  at  2700  K  and  3000 
K,  and  the  triple-base  propellant  is  more  erosive  at  3300  K. 

Although  It  is  apparent  tht  erosion  increases  with  flame  tem¬ 
perature,  the  trends  are  not  analogous  among  the  propellant 
types.  With  double-  and  triple-base  propellants,  erosivity  in¬ 
creases  approximately  100%  with  each  3000  K  increase  in  flame  tem¬ 
perature.  The  3000-K  nitramine  composite  propellant  is  14%  more 
erosive  than  the  2700  K  formulation,  while  the  3300  K  nitramine 
composite  propellant  exhibits  a  50%  increase  in  erosivity  over  the 
3000-K  formulation.  This  may  mean  that  the  erosion  threshold  of 
steel  (the  point  where  the  conditions  for  erosion  of  steel  are 
optimized)  is  exceeded  at  a  lower  flame  temperature  for  the  nitra¬ 
mine  composite  than  for  either  the  double-  or  triple-base  propel¬ 
lant  . 


In  contrast  to  the  equal  weight  data,  the  burntimes  within 

each  group  are  relatively  constant  with  average  values  of  3.6  ms, 
3.7  ms,  and  4.0  ms  for  double  base,  triple  base,  and  nitramine 

composite  propellants,  respectively.  Burntimes  do  not  play  a  sig¬ 
nificant  role  in  data  variation.  Since  the  propellants  are  com¬ 
pared  on  the  basis  of  equivalent  temperature  and  pressure,  the 

quantity  of  gases  is  also  equivalent;  the  composition  of  these 
gases  appears  to  be  the  determining  factor  in  the  observed  erosion 
at  280  MPa. 

In  the  210  MPa  peak  pressure  range  all  propellant  types  are 
less  erosive  than  observed  in  the  280  MPa  peak  pressure  range. 
Nitramine  composite  propellant  are  more  erosive  than  their  counter¬ 
parts  at  2700  K  and  3000  K,  while  the  3300  K  nitramine  composite 

propellants  are  about  as  erosive  as  the  3300  K  triple-base  type, 
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but  more  erosive  than  the  3300  K  double-base  formulation.  Double- 
and  triple-base  propellant  have  comparable  erosivities  at  2700  K 
and  3000  K,  but  at  3300  K  the  triple  base  is  about  70%  more  ero¬ 
sive.  The  double-  and  triple-base  types  display  a  100%  increase  in 
erosivity  going  from  the  2700  K  to  3000  K  formulations.  The  3300  K 
double-base  propellant  is  360%  more  erosive  than  the  3000  K  formu¬ 
lation,  while  3300  K  triple  base  is  680%  more  erosive  than  the  3000 
K  formulation.  The  nitraraine  composite  types  are  initially  more 
erosive  and  the  increase  in  erosivity  with  temperature  is  not  as 
large.  For  example,  3000  K  nitraraine  composite  is  40%  more  erosive 
than  that  at  2700  K  and  3300  K  nitramine  composite  is  60%  more 
erosive  than  that  at  3000  K. 

These  data  suggest  that  the  erosion  process  at  high  pressure 
and  high  flame  temperature  differs  from  that  occurring  at  low  pres¬ 
sure  and  high  flame  temperature.  The  erosion  threshold  of  steel 
may  be  exceeded  by  all  the  propellants  at  3300  K  and  by  only  the 
nitramine  composites  at  2700  K  and  3000  K. 

The  relationship  between  peak  pressure  and  erosivity  are  il¬ 
lustrated  in  figures  12,  13,  and  14  in  which  isothermal  peak  pres¬ 
sure  for  each  propellant  is  plotted  as  a  function  of  mass  loss 
(erosivity) . 

At  equal  propellant  energies  in  the  lower  pressure  regime 
(210-220  MPa),  double-  and  triple-base  propellants  display  similar 
erosivity  profiles  over  the  entire  flame  temperature  range.  The 
nitraraine  composites  have  comparable  erosivity  only  at  3300  K  and 
are  more  erosive  at  2700  K  and  3000  K.  The  data  support  the  con¬ 
tention  that  the  low  pressure,  high  temperature  (3300  K)  erosion 
process  differs  from  the  high  pressure,  high  temperature  process. 

In  the  higher  pressure  range  (250  MPa  250  to  280  MPa),  nitra¬ 
mine  propellants  are  more  erosive  at  all  flame  temperatures.  Al¬ 
though  the  double-base  propellants  are  about  twice  as  erosive  as 
triple-base  propellants  at  2700  K  and  3000  K;  both  types  have 
equivalent  erosivities  at  3000  K. 

The  experimental  results  indicate  that,  regardless  of  tempera¬ 
ture,  nitramine  composite  propellants  are  more  erosive  than  double- 
or  triple-base  propellants  in  280  MPa  pressure  range.  Erosivity 
increases  with  flame  temperature  and  peak  pressure  within  each 
propellant  type.  On  comparing  propellant  erosivities  of  the  basis 
of  equal  weight,  energy,  and  pressure,  it  is  evident  that  the  rate 
of  erosion  depends  on  the  composition  of  the  propellant  gas.  The 
nitraraine  composite  propellants  are  most  erosive  because  they  pro¬ 
duce  combustion  gases  with  the  lowest  average  molecular  weight  and 
the  highest  thermal  conductivity  and  lowest  specific  heats.  This 
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is  illustrated  in  figure  15  where  erosivity  is  plotted  against 
average  molecular  weight.  Therefore,  for  any  given  flame  tempera¬ 
ture  and  burning  time,  nitramine  composite  propellants  heat  the 
barrel  surface  faster  to  a  higher  temperature  resulting  in  greater 
erosion . 

In  the  lower  pressure  range  (210  MPa),  nitramine  composite 
propellants  are  more  erosive  than  the  double-  and  triple-base  type 
at  2700  K  and  3000  K,  but  at  3300  K  all  the  propellants  have  ap¬ 
proximately  the  same  erosive  behavior.  This  indicates  that  at  the 
low  pressure  of  3300  K,  propellant  flame  temperature  not  propellant 
gas  composition  is  the  dominant  factor  in  the  erosion  process  and 
is  essentially  consistent  with  the  low  pressure  trends  observed 
when  comparing  propellant  erosivities  on  an  equal  pressure. 

Princeton  Results 

The  RDX  composite  grains  are  the  most  erosive  for  equivalent 
p-vs-t  integrals,  whereas  there  are  no  distinct  differences  in 
erosivity  of  the  double-  and  triple-base  grains. 

The  erosion  data  are  generally  correlated  by  the  p-vs-t  inte¬ 
gral  for  pressure  greater  than  60  MPa. 

Even  though  a  relatively  small  data  sample  was  taken,  the 
trends  are  well  defined.  The  specimen-to-specimen  variations  are 
an  intriguing  aspect  of  the  results.  Of  the  26  specimen  pairs, 
one-third  had  specimen-to-specimen  differences  of  0.5  mg  or  more. 
Since  the  two  specimens  in  each  experiment  experience  identical  p- 
vs-t  and  combustion  gas  conditions,  understanding  the  specimen-to- 
specimen  differences  is  an  integral  part  of  understanding  the  over¬ 
all  erosion  process.  Note  that  the  most  homogeneous  propellants, 
the  double-base  propellants,  had  the  smallest  specimen-to-specimen 
variations  and  the  best  coefficient  of  determinations. 

Part  of  the  research  being  conducted  at  Princeton  University 
relates  low  rates  of  mass  loss  to  water  vapor  where  the  steel  sur¬ 
face  remains  below  the  melting  temperature  (ref  5).  Under  those 
conditions,  the  mass  loss  can  be  attributed  to  surface  chemical 
attack.  In  the  present  test  series,  the  mass  loss  is  at  a  rela¬ 
tively  high  rate  and  is  a  result  of  high  convective  heating  fol¬ 
lowed  by  melt  and  wipe-off.  The  arguments  associated  with  water 
vapor  concentration  and  the  ^0  to  H2  ratio  do  not  apply. 

Explanations  of  the  difference  in  erosion  rates  under  similar 
p-vs-t  programs  require  analyses  that  include  the  dynamics  of  the 
heat  conduction  processes,  the  effects  of  shifting  equilibrium  on 
transport  properties,  etc.  (ref  2).  However,  it  is  interesting  to 


8 


look  for  a  simple  correlation  between  nearly  constant  flame  temper¬ 
ature  and  150*  Those  gases  with  the  highest  fraction  of  light 
molecular  weight  combustion  products  (or  the  lowest  average  mo¬ 
lecular  weight)  have  the  highest  thermal  conductivities.  For  con¬ 
stant  flame  temperature  (3300  K)  and  I^q  (1.0  MP-s),  mass  loss 
increases  as  molecular  weight  decreases  (fig.  15).  Apparently,  the 
desired  low  molecular  weight  for  improved  impetus  produces  a  corre¬ 
spondingly  larger  increase  in  convective  heating  rate. 
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Table  1.  Propellant  compositions  and  physico-cheraico  properties 
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Calculated  by  Blake 
Similar  to  M26 
Similar  to  M30 


Table  2.  Equal  charge  weights* 


Weight  Flame  temp  Peak  pressure  Burning  time  Erosion 
§gg£le  (g) _ (K) _ (MPa) _ (ms)  (mg/shot) 


Double  base  38.0  2705 

2705 

2705 

2994 

2994 

3297 

3297 


Triple  base  38.0  2698 

2698 

2698 

3004 

3004 

3304 

3304 


Nitramine 

composite  38.0  2708 

2708 

3002 

3002 

3002 

3307 

3307 


*  Weight  =  38.0  grams 
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209 
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0.6 

209 
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2.4 

213 
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226 

4.5 

16.6 

225 

4.4 

15.5 

211 

5.0 

0.7 

210 

4.8 

1.5 

209 

4.6 

1.7 

214 

4.6 

2.8 

213 

4.8 

3.0 

224 

4.7 

25.3 

227 

4.8 

20.9 

212 

5.7 

2.3 

213 

6.0 

4.5 

231 

5.0 

11.1 

234 

4.9 

10.2 

231 

5.0 

11.1 

239 

4.9 

20.1 

239 

4.9 

22.3 

12 


Table  3.  Equal  peak  pressure 


Weight  Flame  temp  Peak  pressure  Burning  time  Erosion 


Sample 

(g) 

(K) 

(MPa) 

(ms) 

(mg/shot) 

Double  base 

51-0 

2705 

278 

3.6 

9.3 

51.0 

2705 

277 

3.6 

8.0 

49.0 

2994 

275 

3.6 

16.2 

49.0 

2994 

275 

3.6 

13.0 

47.0 

3297 

276 

3.7 

26.9 

47.0 

3297 

272 

3.6 

29.3 

Triple  base 

52-0 

2698 

276 

3.6 

5.9 

52.0 

2698 

276 

3.7 

7.2 

50.0 

3004 

277 

3.8 

11.9 

50.0 

3004 

276 

3.7 

14.4 

48.0 

3304 

276 

3.8 

33.8 

48.0 

3304 

275 

3.8 

31.9 

Nitr amine 

composite 

48.0 

2708 

277 

4.0 

21.6 

48.0 

2708 

276 

4.0 

20.6 

46.0 

3002 

277 

3.9 

23.3 

46.0 

3002 

280 

3.9 

25.1 

44.0 

3307 

275 

4.1 

37.8 

44.0 

3307 

278 

4.1 

40.4 

Double  base 

38.0 

2705 

209 

4.8 

0.6 

37.0 

2994 

211 

5.0 

1.4 

37.0 

2994 

211 

5.0 

1.4 

36.0 

3297 

210 

4.9 

6.5 

Triple  base 

38.0 

2698 

211 

5.0 

0.7 

37.7 

3004 

209 

5.0 

1.4 

36.0 

3304 

212 

5.1 

10.9 

Nitramine 

composite 

38.2 

2708 

219 

4.8 

4.8 

38.0 

2708 

212 

5.7 

3.3 

36.0 

3002 

212 

5.8 

6.9 

34.0 

3307 

212 

5.6 

8.8 

34.2 

3307 

209 

4.8 

10.0 
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Table  4.  Equal  energy 


Sample 

Weight 

(g) 

Flame  temp 
(K) 

Peak  pressure 
(MPa) 

Burning  time 
(ms) 

Erosion 
(mg/ shot) 

Double  base 

41.7 

2705 

219 

4.6 

0.7 

41.7 

2705 

220 

4.5 

1.9 

39.6 

2994 

219 

4.5 

1.9 

39.6 

2994 

214 

4.7 

2.5 

38.3 

3297 

214 

4.6 

10.6 

38.3 

3297 

216 

4.5 

9.5 

Triple  base 

40.3 

2698 

213 

4.5 

2.0 

40.3 

2698 

213 

4.5 

1.7 

37.7 

3004 

209 

5.0 

1.4 

37.7 

3004 

209 

5.0 

2.0 

36.0 

3304 

211 

5.1 

9.5 

36.0 

3304 

210 

5.1 

9.2 

Nitramine 

composite 

38.2 

2708 

216 

6.0 

4.0 

48.2 

2708 

217 

5.6 

3.4 

35.9 

3002 

213 

5.7 

7.2 

35.9 

3002 

214 

5.6 

6.0 

34.2 

3307 

211 

5.7 

8.0 

34.2 

3307 

212 

5.6 

10.8 

Double  base 

51.6 

2705 

278 

3.5 

9.1 

49.0 

2994 

275 

3.6 

14.6 

47.0 

3297 

274 

3.7 

27.6 

Triple  base 

50.0 

2698 

261 

3.7 

4.9 

46.3 

3004 

255 

3.9 

8.5 

44.3 

3304 

254 

4.0 

26.3 

Nitramine 

composite 

47.0 

2708 

274 

4.0 

14.9 

43.6 

3002 

267 

4.0 

20.8 

42.3 

3307 

266 

4.2 

32.8 

14 


Table  5.  Erosion  produced  by  double-base  propellant 


Flame  temp 
(K) 

Test 

Sample 

weight 

(g) 

Peak 

pressure 

(MPa) 

Mass 

spec. 

loss  (mg) 

1  spec.  2 

Pressure 

integral* 

(MPa-s) 

2994 

21 

0.9872 

238 

2.30 

2.77 

0.978 

2994 

22 

1.1122 

290 

3.60 

4.00 

1.111 

2994 

23 

1.3030 

362 

5.36 

5.28 

1.178 

2994 

37 

0.7776 

162 

1.00 

0.80 

0.716 

2705 

24 

0.9861 

224 

2.43 

2.66 

0.917 

2705 

26 

1.3973 

379 

4.31 

4.87 

1.210 

2705 

27 

1.2589 

317 

3.45 

3.69 

1.033 

2705 

38 

0.8280 

176 

0.74 

0.92 

0.797 

3297 

28 

0.9875 

231 

4.14 

4.33 

0.890 

3297 

29 

1.2162 

317 

6.08 

6.47 

1.006 

3297 

30 

0.8342 

159 

2.42 

2.98 

0.619 

3297 

39 

0.6090 

117 

0.81 

0.64 

0.474 

*Integral  is  for  time  period  when  pressure  exceeds  60  MPa. 
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Table  6.  Erosion  produced  by  triple-base  propellant 


Flame  temp 
(K) 

Test 

Sample 

weight 

(g) 

Peak 

pressure 

(MPa) 

Mass 

spec. 

loss  (mg) 

1  spec.  2 

Pressure 

integral* 

(MPa-s) 

3002 

2 

0.9825 

214 

1.31 

2.20 

0.958 

3002 

3 

1.2445 

310 

3.28 

3.25 

1.187 

3002 

4 

1.4150 

379 

3.90 

4.18 

1.159 

3002 

31 

0.7480 

145 

0.81 

0.65 

0.469 

2698 

5 

0.9868 

204 

1.37 

1.36 

0.883 

2698 

6 

1.2440 

331 

3.26 

2.32 

1.241 

2698 

7 

1.3769 

344 

4.00 

3.52 

1.257 

2698 

32 

1.1133 

269 

2.07 

1.90 

1.149 

3304 

8 

0.9700 

231 

4.24 

3.58 

0.909 

3304 

9 

1.2002 

314 

6.58 

5.36 

1.009 

3304 

10 

1.3907 

386 

7.81 

8.65 

1.115 

3304 

33 

0.6645 

128 

2.08 

1.76 

0.549 

*  Integral  is  for  time  period  when  pressure  exceeds  60  MPa. 
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Table  7.  Erosion  produced  by  nitramine  propellant 


Flame  temp 
(K) 

Test 

Sample 

weight 

(g) 

Peak 

pressure 

(MPa) 

Mass 

spec. 

loss  (mg) 

1  spec.  2 

Pressure 

integral* 

(MPa-s) 

3002 

11 

0.9817 

248 

3.87 

3.41 

0.875 

3002 

12 

1.1987 

341 

4.93 

5.58 

1.078 

3002 

13 

0.8369 

176 

2.09 

2.06 

0.527 

3002 

34 

0.8800 

203 

2.30 

2.91 

0.840 

2708 

14 

0.9878 

234 

2.07 

1.91 

0.897 

2708 

15 

1.1177 

300 

3.21 

3.20 

1.076 

2708 

17 

1.2414 

355 

4.45 

4.30 

1.078 

2708 

35 

0.8991 

200 

2.25 

2.22 

0.812 

3305 

18 

0.9859 

248 

6.16 

5.60 

0.881 

3305 

19 

1.1672 

321 

8.30 

6.60 

1.009 

3305 

20 

0.8388 

186 

4.98 

4.48 

0.701 

3305 

36 

0.6492 

117 

1.73 

1.68 

0.479 

*  Integral  is  for  time  period  when  pressure  exceeds  60  MPa. 
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Table  8.  Regression  analysis  of  data 


Power  curve 

M  -  alb60 

Linear  regression 

M  =  a  +  bI6Q 

Type  of 
Propellant 

r2 

a 

b 

r2 

a 

b 

Flame  temp 
(K) 

Triple  base 

0.878 

2.468 

1.700 

0.804 

-1.397 

4.081 

3004 

0.979 

1.638 

1 . 495a 

0.970 

-0.876 

2. 526a 

3004 

0.918 

5.764 

1.941 

0.850 

-4.237 

10.323 

3004 

Nitraraine 

composite 

0.770 

4.137 

1.204 

0.783 

-1.222 

5.561 

3002 

0.718 

3.078 

2.168 

0.704 

-3.666 

6.852 

2708 

0.946 

7.789 

1.946 

0.935 

-3.074 

10.45 

3307 

Double  base 

0.980 

2.780 

3.468 

0.917 

-5.699 

8.856 

2994 

0.854 

2.647 

3.966 

0.939 

-5.919 

8.898 

2705 

0.910 

6.439 

2.626b 

0.951 

-3.567 

9.436 

3297 

Definitions : 


r2  is  coefficient  of  determination. 

I^q  is  pressure  integral  for  tie  period  in  which 
p  is  greater  than  60  MPa. 

M  is  mass  loss  in  grams. 


a  Mass 
k  Data 


loss  above  3.0  mg  excluded  from  correlation, 
from  test  29  excluded  from  correlation. 
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Figure  1.  ARRADCOM  vented  erosion  tester 


Figure  2.  Princeton  vented  combustor 
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Figure  3.  Mass  loss  produced  by  double-base  propellants 
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Figure  4.  Mass  loss  produced  by  triple-base  propellants 
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Figure  5.  Mass  loss  produced  by  nitramine  (RDX) 
containing  propellants 
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Figure  6.  Comparison  of  mass  loss  produced  by  nominal 
2700  K  propellants 
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Figure  7.  Comparison  of  mass  loss  produced  by  nominal 
3000  K  propellants 
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Figure  8.  Comparison  of  mass  loss  produced  by  nominal 
3300  K  propellants 
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Figure  9.  Mass  loss  versus  peak  chamber  pressure 
produced  double-base  propellants 
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Figure  10.  Mass  loss  versus  peak  chanber  pressure 
produced  by  triple-base  propellants 
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Figure  11.  Mass  loss  versus  peak  chamber  pressure  produced 
by  nitramine  (RDX)- containing  propellants 


29 


10HS/3R  ‘dHdOtfa  SSVR 


30 


Figure  12.  Mass  loss  versus  peak  pressure  for  double-base  propellant 
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Figure  14.  Mass  loss  versus  peak  pressure  for  nitramine  composite  propellants 
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Figure  15.  Under  constant  p-t,  integral  and  flame  temperature  mass 
loss  increases  as  average  molecular  weight  decreases 
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